Planar chiral pillar [5] arene derivatives (P5A-DPA and P5A-Py) bearing bulky fluorophores were obtained in high yield by click reaction. The photophysical properties of both compounds were investigated in detail. P5A-DPA with two 9,10-diphenylanthracene (DPA) pigments grafted on the pillar[5]arene showed a high fluorescence quantum yield of 89.5%. This is comparable to the monomer DPA-6, while P5A-Py with two perylene (Py) pigments grafted on the pillar[5]arene showed a significantly reduced quantum yield of 46.4% vs 78.2% for the monomer Py-6. The oxygen-through-annulus rotation of the phenolic units was inhibited for both compounds due to the bulky chromophore introduced, and the resolution of the enantiomers was achieved due to the bulky size of the fluorophores. The absolute configuration of the enantiomers was determined by circular dichroism (CD) spectra. The solvent-induced aggregation behavior was investigated with the enantiopure P5A-DPA and P5A-Py. It was found that the CD signals were enhanced by aggregation. P5A-DPA showed aggregation-induced emission enhancement, while P5A-Py showed aggregation-induced emission quenching, accompanied by excimer emission when aggregating in water and THF mixed solution.
Introduction
Planar-chiral compounds are structurally appealing and potentially applicable in various functional materials such as chiral discriminators [1, 2] , chiral polymers, supramolecular sensors [3] and chiral guest receptors [4, 5] . Planar-chiral macrocyclic molecules are particularly interesting in the context of the host-guest complexation properties [6] [7] [8] . Pillararenes are typical examples of this type of compounds and have attracted considerable attention due to their facile chemical synthesis and versatile functionality [9] in recent years. Pillar [5] arenes [10] , are cyclic pentamers composed of 1,4-dialkoxybenzene units connected through methylene bridges at the para-position and have a unique symmetrical architecture with an overall cylin-drical or pillar-like shape. By virtue of their rigid and symmetrical structures, as well as highly tunable functionality, the studies on pillar [5] arenes have been developed rapidly in various areas, such as artificial transmembrane channels [11, 12] , molecular complexation [13, 14] and nonporous adaptive crystals [15] [16] [17] . One of the features of pillar [5] arenes that differs from the common macrocycles is the planar chirality resulting from the different orientations of the alkoxy substituents on the rims. Theoretically, eight conformers can be formed including diastereomeric ones: (S p , in which all of the alkoxy substituents at both rims are oriented in the same direction, are the most stable conformers due to the steric-hindrance effect of the substituents in other conformers. In general, the S p and R p conformers can interconvert from each other in solution through the oxygen-through-annulus rotation along the methylene bridges [18] , and the separation of these conformational isomers is impossible.
Inhibiting the rotation of the phenolic units is prerequisite to isolate the isomers. A complexation with a suitable guest molecule, such as a viologen derivative, can significantly slow down the rotation of the phenolic rings, and a conformational interconversion can only occur when the guest molecule decomplexed from the cavity [19] [20] [21] . Several strategies have been established to block the interconversion of the S p and R p conformers: Implanting a guest moiety in the pillar [5] arene cavity by rotaxanation or introducing a fused side ring into one of the phenolic rings [22, 23] . Covalently connected bulky substituents installed on both rims of the pillar[n]arene provided a more straightforward method to inhibit the rotation [24] [25] [26] . In per-cyclohexylmethyl-substituted pillar [5] arene the rotation of the phenolic units is blocked and enabled the chiral separation of the S p and R p enantiomers [25] . Also installing bulky substituents onto only one phenolic ring was found to be effective to inhibit the rotation of the units [27] [28] [29] .
Pillar [5] arene itself shows only moderate absorption and weak fluorescence in the UV region, and the chemical introduction of chromophores onto the rims of pillar [5] arene has been applied to allow its use as receptors for molecular sensing or biological applications [30] [31] [32] [33] . It occurred to us that connecting fluorophores with strong absorptions in the visible range and with a high fluorescence quantum yield are beneficial for the application of pillar [5] arene in these fields. Perylene (Py) and 9,10-diphenylanthracene (DPA) are well known for their desirable absorption and high fluorescence quantum yield. These chromophores possess unique photophysical properties and have been widely used as triplet acceptor for TTA-based upconversion [34] [35] [36] and as energy donors in artificial light-harvesting systems [37] . Thus, two pillar [5] arene derivatives P5A-DPA and P5A-Py (Scheme 1), in which two Py and DPA units were chemically grafted onto one of the phenolic units of pillar [5] arene, were designed and synthesized by click reaction [38, 39] . We supposed that the Py or DPA substituents on both rims of the pillar [5] arenes will serve two purposes: Firstly, the molecular sizes of Py and DPA are larger than the cavity size of the pillar [5] arenes (ca. 5.5 Å), and the rotation of the units should be inhibited generating a pair of S p and R p enantiomers. Secondly, the strong absorption in the visible range and high fluorescence a quantum yield of the fluorophores will donate the pillar [5] arene derivatives novel photophysical properties.
Results and Discussion
Syntheses of pillar [5] arene derivatives P5A-Py was synthesized by following our previously reported processes [34] , and P5A-DPA was synthesized by the processes illustrated in Scheme 1. The ethynyl-bearing pillar [5] arene derivative P5A was obtained through the co-cyclization of 4.0 equiv of 1,4-dimethoxybenzene with 1.0 equiv of the hydroquinone derivative 7 and 5.0 equiv of paraformaldehyde in the presence of BF 3 ·OEt 2 [40, 41] . The product was purified by silica gel column chromatography with hexane/ethyl acetate 10:1 as the eluent. The first fraction was permethylated pillar [5] arene, and P5A was collected as the second fraction in 45% yield. The subsequent reaction of compound P5A with the azide-substituted DPA derivative DPA-6 was carried out in the presence of CuSO 4 ·5H 2 O (2.0 equiv) and sodium ascorbate (4.0 equiv) for 24 h in DMF at 65 °C giving P5A-DPA in almost quantitative conversion (Scheme 1). The crude product was separated from CuSO 4 and sodium ascorbate through extraction with Et 2 O/water. Further purification of the crude product was carried out by silica gel column chromatography (dichloromethane/methanol 30:1) to afford P5A-DPA in 72% yield. The structure of P5A-DPA was characterized by 1 H NMR, 13 C NMR and high-resolution mass spectrometry (HRMS, Supporting Information File 1, Figures  S19-S21 ).
Photophysical properties
The photophysical properties were investigted by UV-vis absorption and fluorescence spectroscopy, as well as through fluorescence decay measurements. As shown in Figure 1a , the UV-vis spectrum of P5A-DPA showed two main absorption bands at 270-320 nm and 350-420 nm, respectively, which were assigned to the absorption bands of the pillar [5] arene moiety and the π→π* transition of the DPA fragment, respectively. The absorption spectra of P5A-DPA and P5A-Py are Scheme 1: Preparation of A1/A2-difunctionalized pillar [5] almost the result of the addition of the spectra of pillar [5] arene with DPA-6 and Py-6. The molar extinction coefficient at the longer wavelength for P5A-DPA was almost double that of DPA-6, e.g., ε = 23100 M cm −1 for P5A-DPA vs 12200 M cm −1 for DPA-6 at 397 nm, indicating that there is no strong interaction between the two DPA units in P5A-DPA at the ground state. Similar results were observed for P5A-Py except for a slight bathochromic shift of the absorption compared with Py-6.
The fluorescence spectrum of P5A-DPA is very similar to that of DPA-6 ( Figure 1b ). P5A-DPA showed an intense fluorescence in the visible light region, peaked at 420 nm with a shoulder at 437 nm and a fluorescence quantum yield as high as 89.5%, which is very close to that of DPA-6 (Φ F = 92.1%). For P5A-Py, however, it showed a slightly red-shifted emission compared with Py-6, with the emission peaks at 456 nm and 483 nm and a shoulder at 516 nm ( Table 1 ). The quantum yield was significantly decreased to 46.4% compared with 78.2% for Py-6. We ascribed the decreased fluorescence of P5A-Py to the π-π stacking of the Py units caused by the high local concentration of perylene. For P5A-DPA, which also bears two DPA units in one macrocyclic host, the fluorescent quantum yield was only slightly decreased. This should be mainly due to the steric hindrance of the 9-and 10-phenyl groups, which inhibited the π-π stacking of the anthracene core in DPA.
The fluorescent lifetimes of P5A-Py and P5A-DPA were compared with Py-6 and DPA-6. As shown in Figure 2 , the lifetime of P5A-Py is 3.4 ns which is shorter than that of Py-6 (4.4 ns), demonstrating that grafting two Py units in close proximity in one host, opened a new route for nonradiative decay. This phenomenon further verified the occurrence of π-π stacking of the Py fragments in P5A-Py. The lifetime of P5A-DPA was 4.8 ns, which is very similar to DPA-6 (5.0 ns) and the non-substituted DPA (5.3 ns) [42] . The fact that grafting DPA units in one host did not influence the fluorescent quantum yield together with the appealing host-guest properties make P5A-DPA an ideal candidate for applications as acceptor for triplet-triplet annihilation upconversion.
Optical properties
Due to the fact that the Py and DPA units are too large to enter the cavity of the pillar [5] arene, we expected that the oxygen- through-annulus rotation is blocked in P5A-DPA and P5A-Py, giving rise to two pairs of enantiomeric pillar [5] arene derivatives. The racemic mixtures of P5A-DPA and P5A-Py were respectively separated by chiral high-performance liquid chromatography (HPLC). As shown in Figure 3a , injection of a P5A-DPA solution onto a DAICEL CHIRALPAK IA chiral HPLC column afforded two well-separated peaks of almost equal areas at 8.8 min and 10.0 min, respectively, demonstrating that P5A-DPA was the racemic mixture of R p and S p configuration. The two fractions were collected separately and re-injected into the chiral column to confirm the enantiomeric purity and to check if racemization of the enantiomers takes place in solution at room temperature. In both cases, only the original peak was detected and the peak for the antipodal enantiomer was not detected, indicating that no racemization of the enantiomer of P5A-DPA takes place at room temperature (Figure 3b and c). P5A-Py showed a similar phenomenon ( Figure S22a,b and c) . These results demonstrated that the bulky substituents DPA or perylene effectively prevent the ring rotations, and therefore making the separation of R p and S p conformers possible. Figure 3d and e show the circular dichroism (CD) and UV-vis spectra of each fraction for P5A-DPA. The CD signals of both fractions observed at 270-320 nm are perfect mirror images, thus confirming that the two fractions contain a pair of enantiomers. The positive Cotton effect observed at ca. 310 nm was assigned to the R p configured enantiomer whereas the negative Cotton effect at ca. 310 nm was assigned to the corresponding S p configured isomer, based on calculations as well as singlecrystal X-ray diffraction published recently [20] . Thus, the absolute configuration of the first fraction was assigned to be S p and the second fraction was assigned to the R p isomer. Unexpectedly, no induced CD signals of DPA units at 360-420 nm were observed though P5A-DPA showed a strong absorption (with ε > 10 4 M −1 cm −1 , Figure 3e ) in this region. The same is true for P5A-Py (Supporting Information File 1, Figure S22d and e). We attributed the absence of induced CD signals to the long distances of the fluorophores to the chiral center and therefore chirality transfer is non-effective [43] .
Supramolecular assembly usually leads to different photophysical properties than homogeneous solutions. We have demonstrated that solvents play a critical role in chiral recognition and chiral photoreactions [44] [45] [46] [47] [48] [49] [50] [51] . We therefore further investigated the solvent-induced aggregation behaviors of the chirally pure conformers by adding different proportions of water into their THF solutions. Taking the R p conformers for example, the aggregation of P5A-DPA is apparently divided into two stages ( Figure 4) . By adding 50% water to THF, the UV-vis absorption wavelength of P5A-DPA did not change but the CD signals were obviously enhanced. This is most probably due to the formation of aggregates and the rotation of the phenolic units in pillar [5] arene host was inhibited in the aggregates. The aggregation behavior was further investigated by dynamic light scattering (DLS) analyses, and revealed the formation of nanoparticles with 615 nm in average diameter after the addition of 50% water (Figure 4d ). Increasing the amount of water to 70% or 90% led to a bathochromic shift of the UV-vis absorption and a raise of the baseline, indicating particles of larger size were formed. The CD signals continuously increased accompanied with a red-shifting of the wavelength, thus demonstrating that the DPA pigments started to aggregate in solutions with a water content of more than 50%. The π-π stacking of the anthracene core in DPA is responsible for the red-shift of the absorption. For P5A-Py, however, adding water to the THF solution led to a continuous red-shifting of the UV-vis spectra and increasing of CD signal, which is reasonable, as the planar structure of Py tends more to get aggregated in water by π-π stacking. Aggregates with an average diameter of 531 nm are formed in 60% water ( Figure S23 , Supporting Information File 1) [52] . Exciton coupling CD (ECCD) signals were not ob-served for both compounds, even when adding more than 90% water, demonstrating that the chromophores DPA or Py units were not asymmetrically oriented in the aggregates.
Interestingly, by adding water into the THF solution of P5A-DPA, the fluorescence intensity firstly increased by 3 times at 50% water and then decreased when the water content was increased to 70% (Figure 4c) . We attributed the enhanced emission of P5A-DPA in the presence of less than 50% water to an inhibited rotation of the 9,10-phenyl groups in the DPA units, which reduced the inactivation of the excited state through nonradiative transition [53] . However, when increasing the amount of water, the fluorescence starts to decrease due to the π-π stacking of DPA, which led to aggregation-caused quenching (ACQ), as was demonstrated by UV-vis absorption and CD studies. For compound P5A-Py, however, the fluorescence intensity continuously decreased when adding water into the THF solutions, and at 70% water content, a new emission peak at 540 nm was observed which was assigned to the excimer emission of Py ( Figure S23 , Supporting Information File 1) [54] .
Conclusion
Two new planar chiral macrocyclic hosts P5A-DPA and P5A-Py were synthesized by grafting two fluorophore pigments (DPA or Py) on pillar [5] arene through CuAAC "click" reaction.
The new macrocyclic compounds showed strong absorptions in the visible range and high fluorescence quantum yield, e.g., P5A-DPA showed absorption at 350-410 nm and a quantum yield of 89.5% which is comparable to the monomer DPA-6. On the other hand, P5A-Py with two perylene (Py) pigments grafted on the pillar [5] arene showed intense absorption at 385-460 nm and a quantum yield of 46.4%. The rotation of phenolic units was inhibited by introducing two bulky fluorophores in one of the phenolic units of pillar [5] arene, and the enantiomers were isolated by chiral HPLC. The absolute configurations of each fraction were determined by circular dichroism (CD) spectroscopy. The first fraction showing negative CD signals was assigned to the S p conformer and the second fraction showing positive CD signals was assigned to the R p conformer. Aggregation behaviors of the enantiopure chiral pillar [5] arene derivatives were investigated by adding water into the THF solution. P5A-DPA and P5A-Py showed an enhancement of the CD signals by adding water due to restriction of the conformers' rotations by aggregation. P5A-DPA showed a fluorescence enhancement when less than 50% of water was added, while P5A-Py showed emission quenching and excimer emission when adding water into the THF solution. This work presented a new strategy for achieving versatile planar chiral hosts, and these hosts will have potential applications in various fields such as supramolecular sensing, host-guest recognition and triplet-triplet annihilation upconversion.
Experimental General materials and methods
All reagents and chemicals used in synthesis were analytically pure and used as received without further purification. 1 H NMR and 13 C NMR spectra were recorded at room temperature on a Bruker AMX-400 spectrometer (operating at 400 MHz for 1 H NMR and 100 MHz for 13 C NMR) in CDCl 3 with TMS as an internal standard. Due to the poor solubility, NMR spectra of P5A-DPA were recorded at room temperature on a Bruker AMX-600 spectrometer (operating at 600 MHz for 1 H NMR and 151 MHz 13 C NMR) in CDCl 3 . High-resolution mass spectra (HRMS) were measured using a Waters-Q-TOF Premiers (ESI) apparatus. UV-vis spectra were obtained on a JASCO v-650 spectrometer. Fluorescence spectra and fluorescence lifetime decay measurements were recorded on a HORIBA FluoroMax-4 (TCSPC) spectrofluorimeter. Circular dichroism spectra were measured on a JASCO J-1500 spectrometer using a quartz cuvette of 1 cm path length installed in a Unisoku cryostat. Dynamic light scattering (DLS) studies were done on a Zetasizer Nano ZS90 instrument. A preparative Chiralpak IA column was used for the separation of enantiomers.
Synthesis and characterization of P5A-DPA
The synthesis and characterization data of P5A-Py have been reported elsewhere [34] .
Synthesis of 2:
In a similar manner as described previously [55] . An aqueous solution of K 2 CO 3 (5.4 g, 39.0 mmol) and CsF (3.7 g, 24.3 mmol) was added to the solution of compound 1 (5.0 g, 19.5 mmol) and phenylboronic acid (3.6 g, 25.4 mmol) in the mixed solvent of toluene (40 mL), tetrahydrofuran (60 mL) and water (10 mL). After bubbling argon through the mixture for 15 min, Pd(PPh 3 ) 4 (300 mg, 0.3 mmol) was added, and the mixture was stirred and refluxed for 8 h. Then, the reaction mixture was extracted with dichloromethane, and the organic layer was dried over anhydrous Na 2 SO 4 . The solution was concentrated under reduced pressure to obtain the crude product which was further purified by chromatography (silica gel, dichloromethane/petroleum ether 30:1) to afford compound 2 as white solid (4.8 g, 82.0%). Mp 156 °C; the 1 H NMR spectrum of 2 is shown in Figure S1 , Supporting Information 
Synthesis of 3:
In a Schlenk tube under argon, compound 2 (2.5 g, 10.0 mmol) and N-bromobutanimide (2.1 g, 12.0 mmol) were dissolved in chloroform (30.0 mL). The mixture was heated at 60 °C for 2 h and then the solvent evaporated under reduced pressure. Afterwards, dichloromethane and water were added, and the organic layer was collected and dried over anhydrous Na 2 SO 4 . The crude product was purified by column chromatography using dichloromethane/petroleum ether 20:1 as the eluent to yield 3 as white solid (2.8 g, 87%). Mp 154-155 °C. The 1 H NMR spectrum of 3 is shown in Figure S4 , Synthesis of P5A: Analogous as previously described [56] . To a solution of 1, 4-dimethoxybenzene (1.7 g, 1.2 mmol) and 7 (55.8 mg, 0.3 mmol) in 1,2-dichloroethane (150 mL), paraformaldehyde (271.5 mg, 3.0 mmol) was added under nitrogen atmosphere. Then, boron trifluoride diethyl etherate (120 μL) was added to the solution and the mixture was stirred at room temperature for 1 h. Water (100 mL) was added to quench the reaction. The mixture was filtered and the solvent was removed.
The residue was dissolved in dichloromethane. The organic layer was dried over anhydrous Na 2 SO 4 and the solvent was evaporated to afford the crude product, which was isolated by flash column chromatography using ethyl acetate/petroleum ether 1:5 (v/v) as the eluent to give P5A as white solid (108.8 mg, 14%). The 1 H NMR spectrum of P5A is shown in Figure S16 , Supporting Information File 
Supporting Information Supporting Information File 1
Characterization spectra of all compounds, chiral HPLC traces of P5A-Py, CD and UV-vis spectra of the two fractions P5A-Py and the aggregation behaviors of P5A-Py.
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